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INTRODUCTION
Modern understanding of the kidney’s form and function began with 
William Bowman’s (1842) anatomically derived theory which stated that tfe 
urinary products are secreted by the tubules, and that the fluid formed 
in the glomeruli acts only to carry away the secreted materials. A few 
years later, Carl Ludwig (1856) advanced the mechanical theory which 
stated that the hydrostatic pressure in the glomerular capillaries causes 
filtration of a large amount of dilute fluid containing all the urinary 
constituents. According to this theory, the fluid was concentrated by 
the diffusion of water into the tubular capillaries as it passes down the 
tubules. Ludwig theorized that this diffusion was the result of a dif­
ference in osmotic pressure between the tubular fluid and the blood; 
therefore, the urine flow was dependent on physical forces. This theory 
was attacked by Heidenhain (1883) who formulated the secretory theory 
stating that the glomerulus secretes water and salt, and the tubules 
secrete urinary products. A resolution of the differences was attempted 
by Cushny (1926) who united the idea of filtration of a protein-free fluid 
in the glomerulus and of the selective reabsorption in the tubules. This 
reabsorption was explained as an active process. The process, however, 
had a definite limit for each substance; therefore, threshold limits were 
imposed. Later investigators obtained data in support of tubular excretion 
in the kidney.
Hirokawa (1908) studied the osmotic relations of the cortex and 
medulla and wrote "that the urine present in the medulla has a much higher 
osmotic pressure than that of the convoluted tubules of the cortex; there­
fore, the osmotic pressure of the urine increases considerably during its
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passage through the loops of Henle and collecting ducts.” A recent investi­
gation of the osmotic relations of the cortex and medulla by Kuhn and 
Ryffel (1942) and later by Hargitay and Kuhn (1951) resulted in the counter- 
current multiplier theory. They stated that the loops of Henle act as a 
countercurrent multiplier system which creates an increase in osmotic 
concentration in the kidney from cortex to the papilla. The concentration 
of the urine is brought about by passive diffusion of solute-free water 
from the collecting ducts to the interstitium as the urine passes through 
regions of increasing osmotic pressure.
Most of the essential features of the system have subsequently been 
confirmed. Walker et al. (1937) showed that fluid from Bowman’s capsule 
and from the first 2/3 of the proximal tubule was isosmotic with the 
plasma. Wirz e^ al. (1951) by means of the tissue slice technique have 
shown that the renal medulla becomes progressively hypertonic toward the 
papillary tip. Wirz (1957) showed that the early distal tubular fluid 
was hyposmotic while the late distal tubular fluid was isosmotic. The 
fluid in the loops of Henle has been shown by Gottschalk and Mylle (1959) 
to have nearly the same osmolarity as the hypertonic insterstitium. 
Gottschalk and Mylle (1959) and Ullrich _et_ (1963) showed that the 
thick ascending segment can actively transport sodium out of the tubular 
fluid into interstitial fluid and hence function as a countercurrent 
multiplier. Recently Jamison ^  _al. (1967) showed that the ascending 
limbs of the loop of Henle have a significantly lower osmotic pressure than 
adjacent descending limbs. This suggests that the thin segment functions 
as a countercurrent multiplier in the production of the hypertonic medul­
lary interstitium.
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It is generally believed that the vasa recta, which run as long, 
unbranched, parallel vessels in the inner zone, function as countercurrent 
diffusion exchangers (Berliner e^ 1958). Wirz (1953) showed that the 
medullary blood took part in the countercurrent mechanism by demonstrating 
that blood from the vasa recta at the tip of the papilla was as hyper­
osmotic as the urine. Gottschalk and Mylle (1959) showed that the osmo­
larity of samples collected from the vasa recta was nearly the same as 
that of fluid from an adjacent collecting duct at the same level.
The micropuncture data of Walker e_t aln (1941) showed that the re­
absorption of water by the proximal tubule is a relatively fixed affair. 
Walker has shown that as the fluid enters the distal tubule 80% of the 
amount originally filtered has been reabsorbed isosmotically^ Gottschalk 
(1961) has shown that of this amount 75% is reabsorbed in the proximal 
tubule and 5% in the loop of Henle. Evidence indicates that this re­
absorption of water is a passive process and has been termed "obligatory" 
by Homer Smith (1939). Of the remaining 20%, 15% may be reabsorbed in 
the distal tubule while most of the remaining may be reabsorbed in the 
collecting ducts. This distally occurring reabsorption is termed 
facultative for it is regulated by the neuro-endocrine system.
The changes in the osmolality and volume of the fluid reabsorbed in 
the distal tubule and collecting duct depend upon the presence of anti­
diuretic hormone from the posterior pituitary gland. This hormone increases 
the permeability of the epithelium of these structures to water. The 
evidence for the control of water reabsorption by ADH became conclusive 
with the demonstration by Gilman and Goodman (1937) that ADH material 
appeared in the urine during dehydration, the quantity excreted being
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related to the need for water conservation. Investigations of Ranson 
et ale (1935) showed that in cats and monkeys polyuria was consistently 
produced by bilateral destruction of the supraoptic nuclei of the hypo­
thalamus, In Wirz's view (1953), it is necessary that ADH be present for 
the functioning of the hairpin loop countercurrent system because it 
changes the permeability of the descending limb of Henle’s loop, the 
distal convoluted tubules and the collecting tubules to water.
Urea and electrolytes are the major urinary solutes of mammals.
These solutes are also responsible for the steadily increasing osmotic 
gradient in the renal medulla which was reported by Wirz, Hargitay and 
Ktiihn (1951), Ullrich et al. (1963), and many others, have shown that 
urea leaves the proximal tubules but that a similar amount returns in 
the descending limb of the loop of Henle. A large amount of urea was 
also shown to have been lost from the collecting ducts. Microcatheter­
ization studies of Klumper et al. (1958) showed that 1/3 of the urea
moving down the collecting ducts leaves before reaching the renal pelvis, 
Lassiter ^  (1964) and Ullrich e^ (1963) have proposed a mechanism,
in nondiuretic mammals, in which the urea lost from the proximal tubules 
is replenished, in similar or greater quantities, in the descending limb 
by urea that is lost from the collecting ducts. After its entrance into 
the descending limb of the loop of Henle, urea is then believed to be 
recirculated. Berliner e^ al. (1958) proposed a similar mechanism but 
stated that the urea is trapped in the medullary interstitial space by 
the vasa recta acting as a capillary countercurrent exchanger system.
The proposed recirculating and trapped urea both add to the total solute 
concentration within the medullary interstitial space with which the
— 5~
tubular fluid equilibrates osmotically.
The mechanism of urea transport remains obscure and disputed.
Berliner e^ al. (1958) and Lassiter e^ al̂ . (1963) support the hypothesis 
that urea movement is largely passive following diffusion gradients.
Bray and Preston (1961) and Schmidt-Nielsen and O'Dell (1959) support 
the hypothesis that the ability to concentrate urea in the medulla re­
sults from an active transport mechanism located in the collecting ducts.
Recently evidence was presented for the exchange of urea and water 
between fluid in the pelvis and the outer and inner zone of the renal 
medulla (Gertz , 1966). This means that solutes and water can be
added to or removed from the countercurrent system via the pelvic urine. 
Pfeiffer (1967) proposes that the specialized fornices and secondary 
pyramids of the renal medulla and pelvis also play a role in the exchange 
of these materials between the pelvic urine and the medullary tissue.
He has described two distinct kidney types with respect to pelvic and 
medullary anatomy. Type I kidney (Aplodontia, beaver and pig) possesses 
a medulla with outer zone tissue only and has a simple uncomplicated pelvis 
without folds or extensions. Type II kidney (man, dog, rat, cat, oppossum) 
possesses a well-developed medulla consisting of both outer and inner 
zones. This type also possesses extensions of the pelvis called fornices 
which extend into the outer zone of the medulla breaking it up into second­
ary pyramids. The pelvis is far more extensive and the pelvis lumen reaches 
into the outer medulla. These extensions in Type II kidney make a much 
greater interface between pelvic urine and the medullary surface than 
exists in Type I kidney.
The maximal concentration that a uniform countercurrent multiplier 
system can achieve is directly related to the length of the multiplier
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system. Therefore, the ability to concentrate the urine is closely re­
lated to the length of the loops of Henle that act as multiplier systems 
(Schmidt-Nielsen 1958). Sperber (1944) correlated the relative thickness 
of the medulla with the lengths of the loops of Henle and showed that 
the thicker medulla possessed the longer segments. Sperber also found 
that the relative thickness of the medulla is directly related to diet 
and habitat. Animals living in a dry habitat have the greatest relative 
thickness and hence a greater percentage of long loops, while water dwell­
ing species have a lower cortical medullary thickness ratio. Sperber 
also stated that animals on a natural diet high in water and low in nitrogen 
have a low relative medullary thickness while those on a natural diet low 
in water and high in nitrogen have a high relative medullary thickness.
These relationships have been supported in a number of experiments.
The beaver has a low concentrating ability (Schmidt-Nielsen and O ’Dell 
1961), and its kidney is devoid of long loops (Sperber, 1944). The primi­
tive rodent, Aplondontia rufa. also dwells in a moist habitat and has a 
natural diet high in water content. The kidney of Aplodontia was shown 
by Pfeiffer e^ ad, (1960) to lack the anatomical prerequisites for the 
production of a highly concentrated urine. This work was confirmed by 
House (1963) who showed a low urine-plasma osmolar ratio for vasopressin 
treated Aplodontia and by Schmidt-Nielsen et_ al. (1966) who showed a low 
concentrating ability in the dehydrated animal. Kangaroo rats, Dipodomys, 
illustrate water conserving mechanisms in the extreme by achieving an 
osmolal urine-plasma ratio of 20 (Schmidt-Nielsen, 1950). Sperber (1944) 
has shown that this animal has 27% long loops. In the case of another 
desert rodent, Psammomys. a urine-plasma ratio of over 20 has also been
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obtained (Schmidt-Nielsen and O ’Dell, 1961). This animal possesses only 
long loops.
In view of its habitat and diet one might expect the muskrat, Ondatra 
zibetheca, to have a concentrating ability similar to that of the beaver 
and Aplodontia, However, Errington (1939 and 1963) stated that the muskrat 
can withstand thirst for long periods of time. Furthermore, my preliminary 
work with vasopressin-treated muskrats showed a urine-plasma osmolar ratio 
nearly twice that of Aplodontia under similar circumstances. Observations 
by Plakke (personal communication) of the vascular architecture of the 
kidney also suggest that the muskrat has an inner and outer zone of the 
medulla in contrast to the beaver and Aplodontia which possess only an 
outer zone.
This study has three objectives: 1) to determine the ability of the
muskrat's renal medulla to concentrate solutes and to establish an osmotic 
gradient; 2) to determine the effect of low and high protein diets on the 
osmotic gradient of the kidney; 3) and to further describe the morphology 
of the muskrat's renal pelvis and medulla.
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MATERIALS AND METHODS
A. Animals
The 15 muskrats used in the experiment were trapped without injury 
in Missoula County, Montana. Trapping was done during all seasons and 
the group designated as field animals were trapped in early spring. The 
average weight of the animals was 1,124 g with a range of 844 g to 1,551 g .
B. Diets
The muskrats were maintained on artificial diets and water given ad 
libitum. Three separate diets were used in the experiments. One group 
of muskrats was fed a special high protein test diet, H.P, (Table 1).
A second group was fed a special protein deficient test diet, L.P. (Table 
1). These diets were prepared by General Biochemical Incorporated of 
Chagrin Falls, Ohio. Periodic weighing of the pellets showed that large 
amounts of the diet were being consumed. The diets were supplemented 
daily with a quantity of carrots and lettuce. The muskrats were maintained 
on their respective test diets for a period of at least 14 days before 
the beginning of the experiment. The third group of animals was tested 
24 hrs. after capture. These were called natural protein animals, N.P. 
During the 24 hr. interval, they ate carrots and lettuce given aH libitum.
C. Experimental Procedure
Each animal was etherized 24 hrs. before dehydration and a 1 ml blood 
sample was collected with a heparinized syringe from the external jugular 
vein. This sample was used to determine the initial urea level of the 
blood (Plasma 1). At the start of dehydration, the animal was placed 
without food and water in a special cage which was then placed in a 
metabolism cage. The urine voided during the dehydration period was
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collected in a beaker under mineral oil containing crystals of thymol.
A screen prevented urine contamination by feces. The animals were de­
hydrated for a period of 20 to 24 hrs, or until they lost approximately 
8% of their initial body weight. Such dehydrated animals maximally 
concentrated their urine. The animal was induced to empty its bladder 
by gentle blowing on its fur 45 min, before dehydration ended. The 
animal was then weighed and placed in a bell jar. The animal in its 
individual cage was never directly handled and did not appear excited 
during its final transfer and weighing. After 45 min. (the time needed 
for a sufficient quantity of urine, 0.6 to 1,0 ml, to be produced) the 
air to the animal was shut off and CO2 was introduced. At death the animal 
would empty its bladder, and this terminal urine sample was placed in a 
micro-test tube. The terminal blood sample was collected directly from 
the heart (Plasma 2), and the kidneys were removed,
D. Tissue and Fluid Samples
The papilla of each kidney was exposed and a section including the 
papilla was cut out. The slice was instantly frozen in acetone and dry 
ice, A piece of abdominal muscle was also frozen.
While frozen, the kidney tissue slice was sectioned into 5 zones 
(Figure 1): Cortex (Cl and C2), Outer Zone of the Medulla (OZl) and 
Inner Zone of the Medulla (IZl and IZ2). Pieces of each zone were placed 
in a micro-test tube containing a measured amount of ammonia free de­
mineralized water. Sections Cl to IZl and the muscle were placed in 200 mg
fof water while IZ2 was placed in 100 mg of water. The tubes were then 
reweighed to determine the tissue weight. These weights allowed the 
dilution factor to be determined. Previous investigators have shown
-10-
Table 1 COMPOSITION OF DIETS
A. Special High Protein Test Diet*
Ingredients % Composition
Vitamin Free Test Casein
Corn Starch
Primex
Salt Mix. XIV
70.00
13.00
14.00 
3.00
B. Special Protein Deficient Test Diet* 
Ingredients % Composition
Vitamin Free Test Casein 
Corn Starch 
Cane Sugar 
Primex
Salt Mix. XIV
8.00
13.00
62.00 
14.00
3.00
C. High Protein and Protein Deficient Diets*
Ingredients
Alpha Tocopherol
Calcium Pantothenate
Carotene-in-Oil 39
Choline Chloride
Inositol
Menad ione
Niacin
Pyridoxine HCl 
Viosterol (400,000 u/gm) 
Thiamine HCl
G/100 lbs.
10.215
2.043
67.00
272.40
13.62
0.1020
27.24
0.953
3.000
0.953
D.
Ingredients
Protein
Sodium
Lettuce and Carrots +
% Composition
1.20
0.0012-0.0031
* Data obtained from General Biochemicals Chagrin Falls, Ohio 
+ Data obtained from Watt and Merrill (1950)
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Chat the kidney is approximately 80% water (Schmidt-Nielsen and O ’Dell, 
1959) and this value is widely used by investigators using the kidney 
slice technique. The water content of muscle was considered to be 75.6% 
(Pitts, 1963). The dilution factor was determined according to the 
following formula:
Wt. of Tissue water + Diluent 
Wt. of Tissue water
After weighing, the tissue slices were boiled for 5 min. to kill the
tissue and to release the solutes for diffusion. The tissue slices were
then stored for 25 hrs. at 5® C to allow complete diffusion to take place,
and the tissue and tissue water were then frozen until analyzed. The
blood samples were centrifuged and the plasma frozen. The same procedure
was used with the terminal urine sample. Immediately prior to the
analysis, the test tubes containing the tissue and tissue water were
thawed, thoroughly mixed, and then centrifuged.
E. Analysis of Solutes
Urea nitrogen concentrations of the tissue slices, plasma and
terminal urine were determined coloimetrically using the ultramicro
adaptation (Beckman, 1962) of the method of Fawcett and Scott. This
value was converted to mM Urea/1. The ammonia nitrogen was determined
in a similar manner and also expressed as mM/1,
Concentration of sodium and potassium in the tissue slices, plasma
and urine were determined by flame photometry. The values were expressed
as mEq/1.
The osmolalities of the urine and plasma were determined by freez­
ing point osmometry.
Muscle samples were used as controls.
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Figure 1. The cortical substance (Cl and 02) is composed of glomeruli 
(B) and the proximal (PT) and distal (DT) convoluted 
tubules. The outer zone (OZl) of the medulla is composed 
of the straight portions of the proximal tubules, the thick 
ascending (ThS) and thin descending limbs of Henle's loops 
and collecting ducts (CD). The inner zone (IZl and IZ2) 
is made up of the thin segments of Henle's loops (LH) and 
collecting ducts (CD).
CORTEXMEDULLA
INNER ZONE OUTER ZONE 
OZ.
CO
"n
oc3)m
w
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F. Anatomical Studies
Histological sections of three kidneys were prepared according 
to routine procedures using Groat’s modification of Harris’ Haematoxylin 
stain. India ink was injected into the abdominal aorta of the muskrat 
to demonstrate the architecture of the kidney’s blood vessels, and latex 
casts of the pelvis were made in two animals according to methods used 
by Plakke (1966).
G. Statistical Analysis
Means between groups were compared by the T-test. Changes in means 
within a group were compared by the paired T-test.
- 1 5 -
RESULTS
I UREA CONCENTRATIONS
A) Renal Tissue Slices
All of the muskrats except one had a pronounced urea gradient 
extending from the outer cortical zone, to the inner medullary zone,
IZ2 (Fig. 2, Table 2). The one exception possessed a high urea concen­
tration in than in C2 , but it had a urea gradient extending through­
out the renal medulla. When urea concentration is plotted against renal 
zones, it is apparent that little or no change in gradients occurs with 
the diet (Fig. 2).
B) Urine
Urea was more concentrated in the terminal urine of the H.P.
(Table 2) than in the N.P. (P<.001) or L.P. groups (P<.05). The urea
concentrations in the terminal urine of the L.P. group was significantly
higher than that of the N.P. group (P<.05). The ratio of urea in the
tissue fluid of IZp to that in the urine (TF/U) of the N.P. group
was significantly higher than that of the H.P. (P< «01 ) or L<,P. group (P<.C.S).
The TF/U ratios did not differ significantly between the H.P. and L.P.
groups (P>.05).
C) Plasma
Dehydration caused urea concentrations in the plasma to fall in 
four muskrats in the H.P. group and to remain constant in the fifth 
animal resulting in an over-all appreciable drop in the mean (Table 2). 
Conversely, following dehydration plasma urea rose in all animals of 
the other two groups resulting in an appreciable larger mean (Table 2).
The ratio of urea in the tissue fluid of IZ2 to that in the plasma (TF/P)
—16 ~
was significantly higher in the N.P. group than in the H.P. (P<.02) 
or L.P. groups (P<.001). The TF/P ratio of the H.P. group was signif­
icantly larger than that of the L.P. group (P<.05).
II SODIUM AND POTASSIUM CONCENTRATIONS
A) Renal Tissue Slices
All muskrats had a prominent and in most cases a significant sodium 
gradient extending from the outer cortex to the inner zone of the medulla. 
The pattern of this sodium gradient does not appear to differ in the 
three groups, nor does the sodium concentration in any zone of one group 
differ significantly from the corresponding zone of another group (Fig. 3, 
Table 3).
In all muskrats, the potassium concentration of the renal medulla 
was significantly larger than that of the cortex (P<.001). The three 
dietary groups show a small but notable increase in the potassium con­
centration from the outer cortex to the inner zone of the medulla. The 
corresponding zones of the potassium gradient do not appear to differ in 
the three groups (Fig. 4, Table 4).
B) Urine
The concentration of sodium in the urine never rose above 64 mEq/1 
in all animals tested and urine sodium levels in all three groups did 
not differ significantly from each other (Table 3). Similarly, the 
concentration of potassium was not significantly different in the urine 
of the three groups (Table 4).
C) Plasma
Three of the five animals on the H.P. diet elevated their sodium 
plasma levels following dehydration; whereas, the other two animals
Table 2. UREA CONCENTRATIONS IN TISSUE SLICES, PLASMA AND URINE
UREA mM/1
High Protein Natural Protein Low Protein
N X S.D. N, X S.D. N+ X^ S.D.'*’ N X S.D. N^ X* S.D.*
Cl 5 19 5.2 4'i 12 2.1 3 13 1.0 6 23 12.6 3 18 5.2
C2 5 29 13.3 4| 19 7.0 3 21 6.6 6 43 25.2 3 30 6.4
OZl 5 136 35.9 4: 134 45.8 3 155 13.8 6 145 34.5 3 164 36.0
IZl 5 319 19.0 4' 310 97.8 3 356 37.4 6 255 89.9 3 316 78.6
IZ2 4 407 65.5 4!! 442 76.6 3 474 53.4 6 378 118.1 3 457 89.0
Muscle 5 14 5.9 4| 9 2.9 3 10 2.6 6 16 2.3 3 16 3.0
Urine 4 842 95.6 4 ' 453 108.7 3 503 48.3 5 644 110.1 3 608 107.3
Plasma 1 5 11,6 2.5 4| 2.3 1.1 3 1.8 0.7 5 5.0 1.5 3 5.0 0.4
Plasma 2 5 8.0 2.6 4i 5.6 0.6 3 5.7 0.7 6 11.8 1.5 3 10.6 1.0
IZ2 TF/P 4 53.2 13.6 4 i 79.7 8.0 3 83.5 4.4 6 33.4 13.5 3 43.4 9.1
IZ2 TF/U 3 0.6 0.1 4!1 .99 0.2 .95 0.2 5 0.7 0.2 3 0.76 0.1
N sample size 4- Calculated without data from animal N
X mean mM/1 * Calculated without data from animals F , G , and
S.D. standard deviation
I
Table 3 SODIUM CONCENTRATIONS OF TISSUE SLICES, PLASMA AND URINE
Sodium mEq/1
High Protein Natural Protein Low Protein
N X S.D. N X S.D. N+ X+ S.D.+ N X S.D. N* X* S.D,*
Cl 5 64 7,8 4 64 3.5 3 65 3.2 6 65 13.7 3 56 4.1
C2 5 86 11.1 4 81 8.1 3 84 6.6 6 80 17.1 3 72 12.4
OZl 5 150 22.5 4 144 12.8 3 148 11.8 6 126 17.7 3 123 23.8
IZl 5 236 56.3 4 177 50.0 3 188 54.6 6 133 22.0 3 143 30.0
IZ2 4 259 38.7 4 259 23.6 3 257 28.2 6 265 102.5 3 179 54.8
Muscle 5 38 6.9 4 30 6 .6 3 32 5.3 6 25 5.6 3 27 1.5
Urine 4 20 8.7 4 27 17.7 3 29 21.1 4 35 21.4 3 26 11.7
Plasma 1 5 149 2.7 4 152 1.7 3 153 1.6 4 150 3.8 3 151 4.6
Plasma 2 5 155 5.2 4 180 31.5 3 164 6.5 6 181 18.3 3 167 14.0 I00
N sample size 
X mean
S.D. standard deviation
+ calculated without data from animal N 
* calculated without data from animals F, 
G, and H
Table 4. POTASSIUM CONCENTRATIONS IN TISSUE SLICES, PLASMA AND URINE
Potassium mEq/1
High Protein Natural Protein Low Protein
N X S.D. N X S.D. ]N+ X+ S.D."'■ N X S .D. 1 N* S.D.* s*
Cl 5 69 5.0 4 69 2.4 ' 3 70 1.6 5 68 8.3 j 3 70 1.9
C2 5 76 10.8 4 72 4.9 1 3 74 4.8 6 69 11.9 1 3 71 6.6
OZl 5 75 11.9 4 76 2.8 1 3 77 2.3 6 75 9.1 1 3 76 11.6
IZl 5 89 16.6 4 75 10.1 1 ^ 71 8.4 6 73 7.0 1 3 72 10.8IZ2 4 78 7.6 3 107 29.3 2 90 4.2 6 101 21.9 1 3 85 7.0
Muscle 5 126 8.9 4 98 21.1 1 3 104 19.9 6 110 9.1 1 3 114 3.5
Urine 4 111 54.2 4 129 40.6 1 ^ 138 44.6 3 115 24.4 3 115 24.4Plasma 1 5 4. 4 0.7 4 5.2 0.4 3 5.0 0.4 4 4.7 0.8 ' 3 4.8 1.3
Plasma 2 5 4. 8 0.7 4 5.1 1.5 ' 3 4.5 0.9 6 6.6 2.1 • 3 4.8 0.5 I
N_ sample size 
X mean
S.D. standard deviation
+ calculated without data from animal N 
* calculated without data from animal F, 
G , and H
Table 5 TERMINAL URINE AMMONIA CONCENTRATIONS 
Ammonia tnM/1
Urine
High Protein 
N X S.D.
63 11.8
N X 
4 30
Natural Protein 
S.D. I N"'" X"*"
I
S.D.
22.9 I 3 35 24.4
Low Protein 
N X S.D. I N* X* S.D,*
I
5 33 14.1 I 3 32 19.7
Table 6
High Protein
PLASMA AND URINE OSMOLALITIES: U/P RATIOS
mOsm/1 
Natural Protein Low Protein
+N X S.D. N X S.D. N X S.D. N X S.D. N* X* S.D.*
Urine 4 1,063 119.6 4 848 200.1 3 934 127.6 5 851 67.0 3 847 89.2
Plasma 1 5 314 9.8 4 308 7.8 3 309 9.1 5 299 9.2 3 294 9.9
Plasma 2 5 319 8.3 4 351 52.5 3 325 7.2 6 373 44.3 3 336 19.2
U/P 4 3.34 0.5 4 2.50 0.8 3 2.87 0.3 5 2.35 0.4 3 2.54 0.4
IMO
I
N sample size 
X mean
S.D. standard deviation
+ calculated without data from animal N 
* calculated without data from animals F, 
G , and H
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exhibited no change. These levels increased in all of the animals on the 
L.P. and N.P, diets following dehydration. After dehydration, the sodium 
plasma concentration of one N.P, animal and three L.P. animals was signif­
icantly larger than that of the other animals (P<,001). If these four 
animals were excluded from the means (Table 3), the sodium plasma concentra­
tions of the N.P, group would be significantly larger than those of the
H.Pc group (P<,05), but no significant difference would exist between the 
L.P. group and the other two groups (P .05).
Potassium plasma concentrations rose in four of the five animals on 
the H.P. diet that were deprived of water, but dropped in the fifth animal. 
Potassium tended neither to rise nor fall in the plasma of aniitials on 
the other diets following dehydration. The potassium levels of one N.P. 
and three L.P. animals were significantly larger than those of the other 
animals (P<,001) following dehydration (Table 4). With the exclusion 
of these four animals from the means, the potassium plasma levels of the 
remaining animals in the three dietary groups were not significantly 
different following dehydration.
Ill AMMONIA CONCENTRATIONS
A) Urine
The terminal urine ammonia concentrations of the H.P, group were 
significantly larger than the L.P. (P<.01) or N.P. groups (P<.05); however, 
no significant difference existed between the L.P. and N.P. groups.
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IV OSMOLALITIES AND URINE-PLASMA OSMOLAR RATIOS
A) Plasma
The plasma osmolalities of all animals increased following dehydra­
tion. Four dehydrated animals had plasma osmolar concentrations signifi­
cantly larger than the remaining eleven dehydrated animals (P<.001); 
however, no significant difference existed among the remaining eleven.
B) Urine
The mean urine osmotic concentration of the H.P, group was appreciably 
higher than that of the two remaining groups (Table 5).
The urine-plasma osmolar ratios (U/P) of the H.P. group were signifi­
cantly higher than the L.P. group (P<.01) but were not significantly 
different from the N.P. group (P>.05). No significant difference existed 
between the U/P ratios of the L.P. and N.P. groups. If the U/P values of 
the four animals with significantly higher plasma osmolalities are omitted, 
no significant difference exists among the U/P values of the three groups 
containing the remaining eleven animals (Table 5),
V RENAL ANATOMY
The renal medulla of the muskrat possesses a well-developed papilla 
with a prominent outer and inner zone. A study of serial sections of 
the muskrat kidney and of latex injections of its renal pelvis reveal 
that the kidney lacks fornices and secondary pyramids.
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Figure 2o Mean urea concentrations plus or minus twice the standard 
error in the cortical and medullary zones.
Figure 3. Mean sodium concentrations plus or minus twice the standard 
error in the cortical and medullary zones.
Figure 4. Mean potassium concentrations plus or minus twice the standard 
error in the cortical and medullary zones.
Figures 2-4. In the N.P. and L.P. groups the broken lines and closed 
circles represent all the animals. In the N.P. group the 
solid line and open circle were calculated without the data 
from animal N. In the L.P. group the solid line and open 
circle were calculated without the data from animals F, G 
and H. (Data of individual animals is in the addendum.)
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DISCUSSION
The antidiuretic muskrat creates a relatively high renal medullary 
urea gradient when fed both high and low protein diets. The muskrat can 
concentrate urea in its renal papilla 80 times that in its plasma and 
its total urine osmolality can be thrice that of the plasma. This con­
trasts with the data for other aquatic species, the beaver and Aplodontia 
(Schmidt-Nielsen and O'Dell, 1961, Schmidt-Nielsen ^  , 1966) which
are unable to establish a significant urea gradient in their papilla.
In the beaver the tip of the papilla contains about 80 mM Urea/1 while 
that of Aplodontia contains about 20 mM Urea/1. Furthermore, these 
species have a low urine osmotic ceiling and cannot enhance this ceiling 
when fed a high protein diet. Increased protein intake did not increase 
the ability of the muskrat to concentrate urine, although many species 
can create a high urea gradient in the renal medulla in this manner 
(Schmidt-Nielsen et al., 1961; Plakke, 1966; Schmidt-Nielsen et al., 1966). 
The muskrat, therefore, differs from other species studied since it can 
establish a high urea gradient in the papilla but cannot enhance this 
gradient when protein intake is increased.
Gertz, Schmidt-Nielsen and Pagel (1966) showed that urea in the 
pelvic urine can move back into the medulla, and they hypothesized that 
this may assist in developing the urea osmotic gradient in the medulla. 
Pfeiffer (1967) has pointed out that an inner zone, fornices and second­
ary pyramids may aid in developing this gradient by increasing the surface 
area of the medulla exposed to the pelvic urine. Without fornices, 
secondary pyramids and inner zones, urea cannot be recycled from pelvic 
urine; thus no enhancement of the urine osmotic ceiling occurs.
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This study shows that the medulla of the muskrat kidney possesses 
a well-developed inner zone but that it lacks fornices and secondary 
pyramids (Fig. 6). In kidney morphology and in its ability to accumulate 
urea, the kidney of the muskrat lies between the previously described 
types. This intermediate position suggests that an inner zone is re­
quired to accumulate urea in the medulla and that pelvic fornices and 
secondary pyramids enhance the trapping of urea by the medulla when urine 
urea concentration is high.
In the three dietary groups, no significant difference existed 
between the corresponding zones of the urea gradient. However, differ­
ences in plasma urea levels caused the ratio of urea in the tissue fluid 
of IZ2 to that in the plasma (TF/P) to be significantly larger for the 
N.P. group than for the H.P. or L.P. groups. Following dehydration the 
plasma urea level of four of the five H.P. animals decreased while the
plasma urea level of all animals in the N.P. and L.P. groups increased.
The terminal urea plasma levels and the TF/P ratio differences between 
the N.Po and L.P. groups may be explained by the lower initial urea plasma 
level of the N.P. group (Table 2).
The plasma urea concentration is determined by the balance of urea 
formation and urinary excretion. In the experimental animals, the increased 
plasma urea level could be caused by increased reabsorption of urea or by 
increased catabolism of tissue proteins and a subsequent increase in urea 
production by the liver. It is unlikely that the increase can be attri­
buted to an increased catabolism of body proteins due to starvation,
A test of a N.P, animal showed a plasma urea increase from 4.3 mM/1 to 6.0
mM/1 following 10 hrs.of dehydration and a level of 7.6 mM/1 at 18 hrs. of
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dehydration. A second test animal showed an increase from 2.2 mM/1 
to 6.9 mM/1 following a 20 hr. dehydration period. These values indicate 
that the urea level rises throughout the period of dehydration. The 
fact that the animals were recently caught and therefore on a normal- 
natural diet would tend to lessen the possibility of a nutritional 
deficiency. The increased plasma urea level following a 10 hr, dehydration 
period would seem to rule out the possibility of catabolism due to ex­
perimental starvation, for this period of "starvation" is frequently 
experienced by the muskrat in its natural environment. The increase of 
plasma urea in the N.P. and L.P. groups may be due to increased reab­
sorption of urea into the blood and to low urea clearance during anti­
diuresis, The significantly larger TF/U values of the N.P. group and 
the appreciably larger TF/U values of the L.P, group suggest increased 
reabsorption as the cause of increased plasma urea levels. If this 
increased reabsorption of urea takes place it may enable the muskrat in 
nature to extend its survival time during periods of semistarvation when 
food is scarce.
Other researchers grouped H.P. and L.P- animals according to their 
diet (Schmidt-Nielsen et al., 1961; House, 1962; Gottschalk £t_ al,, 1963; 
Truniger ^  , 1964). The urine urea level of the H.P, group was
Significantly higher than that of the L.P, group but often the plasma 
urea concentration did not significantly differ between the two. This 
also occurred in the present study, but it is clear that protein intake 
had no marked effect on the medullary urea gradient in the muskrat.
The sodium concentrations in the kidney slices of the muskrat 
indicate that a high sodium gradient is present. The concentration is
-30-
Explanation of Plate 1
Figure 5. A sagittal section from an ink injected kidney showing 
the capillary plexus making a transition at the 
boundary of the inner and outer medullary zones.
Figure 6. A transverse section through the papilla showing a well- 
developed inner medullary zone lacking fornices and 
secondary pyramids.
I
Figure 5
\»î /' V
1
t , '
||f,r
% a
i>‘f
Figure 6
u)
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interaediate between the dog, 394 mEq/1, and Aplodontia, 146 mEq/1 
(Schmidt-Nielsen et al., 1966). This position may be related to the 
number and length of the thin loops which make up the inner zone since 
the urinary concentrating ability correlates well with the relative 
medullary thickness.
The potassium concentrations in the muskrat kidney indicate that 
a small gradient extending from the outer cortical to the inner medullary 
zone may be present. I believe that a statistical analysis of the kidney 
slice data of other mammals would show a similar potassium gradient.
-33-
Summary
1. The muskrat kidney possesses a well-developed inner medullary 
zone, but lacks fornices and secondary pyramids.
2, The muskrat can establish a large urea gradient in its kidney,
but this gradient cannot be enhanced by an increased protein intake 
3o The muskrat can establish a large sodium gradient in its kidneyo 
4 r The indication of a small potassium gradient is given by the 
muskrat kidney»
5. These studies would support the hypothesis that the inner medullary
zone is needed to establish a urea gradient and the fornices and
secondary pyramids are necessary to enhance the gradient.
-34-
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ADDENDUM 1
Animal
Cl
02
OZl
IZl
IZ2
A
28
47
180
336
530
UREA CONCENTRATIONS IN TISSUE, PLASMA AND URINE
UREA mM/1 
Animals on a High Protein Diet
B
16
36
111
304
487
19
31
162
306
351
D
18
19
95
344
375
15
13
131
307
Mean
19
29
136
319
461
Muscle 
Urine 
Plasma 1 
Plasma 2
20
805
10,4
10:5
16
15, 7 
6, 7
17 
844 
11 : 6 
9.9
10
747
11
8.6
5
972
9:1
4.2
13
842
11,6
8.0
IwVDI
IZ2 TF/P 
IZ2 TF/U
50.6
0 : 66
73:1 45.5 
0: 53
43.6
0:50
53.2
0.56
ADDENDUM 1 (cont.) UREA CONCENTRATIONS IN TISSUE, PLASMA AND URINE
Animal K L
UREA mM/1 
ANIMALS ON A NATURAL DIET 
M N Mean Mean*
Cl 14 12 12 9 12 13
C2 26 25 14 12 19 21
OZl 139 165 160 66 132 155
IZl 317 358 393 170 310 356
IZ2 495 413 512 347 442 473
Muscle 12 7 10 6 9 10
Urine 522 539 488 301 452 503
Plasma 1 2.32 2.12 1.09 3.76 2.32 1.84
Plasma 2 5.61 4.99 6.44 5,41 5.61 5.68
IZ2 TF/P 88.28 82.72 79.56 69.19 79.74 83.52
IZ2 TF/U 0.95 0.76 1.14 1,12 0:99 0.95
* Mean calculated without data from animal N
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ADDENDUM 1 (cont) UREA CONCENTRATIONS IN TISSUE, PLASMA AND URINE
UREA mM/1.
ANIMALS ON A LOW PROTEIN DIET
Animal I J 0 F G H Mean Mean*
Cl 21 22 12 14 48 22 23 18
C2 28 37 24 27 90 51 43 30
OZl 199 167 127 102 126 152 145 164
IZl 286 405 257 228 133 220 255 316
IZ2 448 548 376 406 252 239 378 457
Muscle 14 19 14 14 18 17 16 16
Urine 516 748 549 732 -- 667 644 608
Plasma I 5.1 5.3 4.6 --- 3,3 6.9 5.0 5.0
Plasma 2 9.5 11.0 11.4 12.2 13.8 12.8 11,8 10.6
IZ2 TF/P 47.3 49.8 33.0 33.3 18.3 18.6 33.4 43.4
IZ2 TF/U 0.9 0. 7 0. 7 0 .6 0.4 0.7 0.76
* Mean calculated without data from animlas, F, G, H.
I
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ADDENDUM 2 SODIUM CONCENTRATIONS OF TISSUE SLICES, PLASMA AND URINE
SODIUM mEq/1 
Animals on a High Protein Diet
Animal A B C D E Mean
Cl 73 70 66 60 54 64
C2 86 97 72 99 82 86
OZl 182 141 123 161 146 150
IZl 222 218 282 299 158 236
IZ2 277 299 208 254 —— — 259
Muscle 42 46 42 30 33 38
Urine 15 -- 30 24 10 20
Plasma 1 145 152 150 150 150 149
Plasma 2 160 151 156 159 148 156
Animals on a Natural Diet
Animal K L M N Mean Mean*
Cl 66 68 62 60 64 65
C2 86 90 77 72 81 84
OZl 139 161 144 131 144 148
IZl 126 212 227 144 177 188
IZ2 225 269 277 267 259 257
Muscle 36 26 35 22 30 32
Urine 51 9 26 20 27 29
Plasma 1 151 154 154 151 152 153
Plasma 2 171 158 164 226 180 164
*Mean calculated without the data from animal N
I-p*N3I
ADDENDUM 2 (cont.) SODIUM CONCENTRATIONS OF TISSUE SLICES, PLASMA AND URINE
SODIUM mEq/1
Animals on a Low Protein Diet
Animal I J 0 F G H Mean Mean*
Cl 56 61 52 72 90 60 65 56
02 60 72 84 71 109 86 80 72
OZl 97 127 144 135 139 114 126 123
IZl 111 171 146 122 119 127 133 143
IZ2 116 202 217 350 378 329 265 179
Muscle 28 28 25 33 18 20 25 27
Urine 26 37 14 64 --- 35 26
Plasma 1 148 148 156 — — — - — 146 150 151
Plasma 2 168 152 180 198 192 198 181 167
* Mean calculated without the data from animals F, G and H
I-p'U)I
ADDENDUM 3 POTASSIUM CONCENTRATIONS IN TISSUE SLICES, PLASMA AND URINE
Potassium mEq/1 
Animals on a High Protein Diet
Animal A B C D E Mean
Cl 63 76 71 70 66 69
C2 65 77 69 93 78 76
OZl 60 71 74 81 92 75
IZl 80 78 76 116 95 89
IZ2 72 79 74 89 —- 78
Muscle 116 118 136 133 126 126
Urine 64 -- 188 85 107 111
Plasma 1 3.5 4.2 3.8 5. 2 4.9 4.4
Plasma 2 5.3 4.5 4.0 5. 6 4.0 4.8
Animals on a Natural Diet
Animal K L M N Mean Mean*
Cl 72 69 70 66 69 70
C2 78 68 76 68 72 74
OZl 77 74 79 72 76 77
IZl 64 70 80 86 75 71
IZ2 93 87 -- 140 107 90
Muscle 97 90 127 77 98 104
Urine 178 90 146 102 129 138
Plasma 1 4.6 5.5 5.0 5. 5 5.2 5.0
Plasma 2 3.9 4.0 5.5 7. 1 5.1 4.5
* Mean calculated without data from animal N
I
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ADDENDUM 3 (cont.) POTASSIUM CONCENTRATIONS IN TISSUE SLICES, PLASMA AND URINE
Potassium mEq/1 
Animals on a Low Protein Diet
Animal I J 0 F G H Mean Mean*
Cl 72 70 68 54 76 67 70
C2 73 63 76 60 87 55 69 71
OZl 70 68 90 78 78 64 73 76
IZl 82 61 74 75 74 71 73 72
IZ2 93 79 83 112 139 102 101 85
Muscle 118 112 112 96 119 102 110 114
Urine 133 87 124 —- ——— ——— 115 115
Plasma 1 4.2 4.3 5. 9 — — — ——— 4. 3 4.7 4.8
Plasma 2 5.1 4.2 5. 0 8.7 9.0 7.4 6.6 4.8
* Mean calculated without data from animals F, G and H
I4>
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ADDENDUM 4 PLASMA AND URINE OSMOLALITIES; U/P Ratios 
mOsm/1
Animals on a High Protein Diet
Animal A B C D E Mean
Urine 1,216 —, «V 1,100 959 976 1,063
Plasma I 300 313 314 318 327 314
Plasma 2 306 318 322 323 328 319
U/P 3.97 ---- 3.42 2.97 2.98 3
Animals on a Natural Diet
Animal K L M N Mean Mean*
Urine 1,068 919 814 592 848 934
Plasma 1 305 302 319 304 308 309
Plasma 2 333 321 320 429 351 325
U/P 3. 21 2.86 2.54 1.39 2.50 2.87
Animals on a Low Protein Diet
Animal I J 0 F G H Mean Mean+
Urine 799 950 792 888 827 851 847
Plasma I 303 284 298 —  —  — 307 305 299 294
Plasma 2 327 321 359 398 407 428 373 336
U/P 2 .44 2.96 2.21 2.23 ^  — 1.93 2.35 2.54
cr>
I
* Mean calculated without data from animal N 
+ Mean calculated without data from animals F, G, and H
ADDENDUM 5
Animal
Urine
Animal
Urine
Animal
Urine
I
21
A
64
K
48
J
54
TERMINAL URINE AMMONIA CONCENTRATIONS 
Ammonia mM/1 
Animals on a High Protein Diet 
B C D  E Mean
  75 51 63 63
Animals on a Natural Diet 
L M N Mean Mean*
51 7 13 30 35
Animals on a Low Protein Diet 
0 F G H Mean Mean+
19 36   35 33 32
I
I
* Mean calculated without the data from animal N 
+ Mean calculated without the data from animal F, G and H
ADDENDUM 6 PERCENT WEIGHT LOSS DURING DEHYDRATION 
Animals on a High Protein Diet
Animal
9.4%
B
8.3%
D
7.2% 10.3% 9.7%
Mean
9.0%
Animal
Animals on a Natural Diet 
K L M N Mean
7.7% 8.1% 10.2% 13.9% 10.0%
Animal
Animals on a Low Protein Diet
H
I4>00I
Mean
7.1% 5.2% 13.7% 5.4% 7.4% 6.4% 7.3%
